Steam and hot-water heating systems are the two most widely used systems in Canadian greenhouse vegetable production. To improve greenhouse climate management and energy use efficiency, their effects on energy consumption and microclimate in a hot-water and a steam heated commercial greenhouses with tomato crops were quantified. Both greenhouses were gutter-vented, double-polyethylene greenhouses with a gutter height of 4.26 meters. For the hot-water heated greenhouse, a steel hotwater pipe (51 mm inner diameter) loop (45 cm between the two pipes) was placed at 10 cm above the ground and between the double-rows of tomato plants. One steam steel pipe (38 mm inner diameter) was hung 30 cm high inside each double-row of tomato plants in the steam heated greenhouse. Solar radiation, air temperature and humidity, leaf wetness and temperature were monitored at 4 heights. We found that there was a larger vertical variation in air temperature and relative humidity in the steam than the hot-water heated greenhouse. The air temperature below 1.5 meters was about 0.5 °C higher in the steam heated greenhouse than in the hot-water heated greenhouse, while the air temperature above the crop canopy was the same. In winter when the greenhouses were intensively heated, leaf wetness duration was shorter and relative humidity was lower in the steam heated greenhouse.
INTRODUCTION
The types of structure and heating systems used by Canadian greenhouse vegetable growers have changed greatly in the last 10 years. Low, ridge-vented glass or fan ventilated double-polyethylene houses with steam heating systems have been superseded by tall, gutter vented, double-polyethylene houses with hot water heating systems. The effects of these new greenhouse designs and heating systems on microclimate, energy consumption and energy use efficiency have not been quantified, especially under continental climatic conditions (hot summer and cold winter). This information is needed for optimizing greenhouse climate control to increase energy use efficiency, reduce the release of CO 2 into the atmosphere and improve integrated pest management. Microclimate inside the canopy and at plant surface can have a significant influence on the epidemiology of pathogens and the population dynamics of insect pests (Shipp et al., 1991; Jewett & Jarvis, 2001 ). The information is also useful for investigating the feasibility of alternative energy technologies such as co-generation and district heating in southwestern Ontario, the largest and most concentrated greenhouse vegetable production area in North America. Thus, the objectives of this study were to investigate the effects of steam and hot-water heating systems on microclimate and energy consumption and to determine the energy demand profiles of steam and hot-water heating systems in tall gutter-vented, inflated double-polyethylene, commercial greenhouses.
MATERIALS AND METHODS

Greenhouse Structure, Heating Systems and Plant Materials
Two commercial greenhouses within a distance of 500 meters, were used in this study. Both greenhouses were gutter-vented, double-polyethylene greenhouses with a gutter height of 4.26 meters. For the hot-water heated greenhouse (2.4 ha.), a steel hotwater pipe (51 mm inner diameter) loop (45 cm between the two pipes) was placed at 10 cm above the ground and between the double-rows of tomato plants (Fig. 1) . One steam steel pipe (38 mm inner diameter) was hung 30 cm high inside each double-row of tomato plants in the steam heated greenhouse (1.8 ha., Fig. 1 ). Tomato cv. Clarance (a cluster cultivar) was grown in rockwool from Jan. 2001 to Jul. 2001 , Aug. 2001 to Dec. 2001 , and Dec. 2001 to Nov. 2002 in the steam heated greenhouse, and from Jan. 2001 to Nov. 2001 and Dec. 2001 to Nov. 2002 in the hot-water heated greenhouse. The heating and climate inside both greenhouses were controlled by PRIVA climate control computers.
Microclimate Monitoring
Air temperature, relative humidity, solar irradiance, leaf temperature and wetness were measured in a central location in both greenhouses at four heights (76, 152, 229 and 305 cm) from low to upper part of the crop canopy (Fig. 1 ). Temperature and humidity probes (Hycal Co., El Monte, Cal., USA) with aspirating PVC tube shadings were used for air temperature and humidity measurements. Leaf temperature was measured by means of copper-constantan thermocouples (type T, wire diameter 0.1 mm, Omega, Laval, Que., Canada) glued to the undersides of leaves. Solar irradiance was monitored with Apogee line quantum sensors (0.6 m long, Apogee Inst., Logan, UT, USA). Leaf wetness was monitored based on the resistance to the current through the CS 237 probes (Campbell Scientific, Edmonton, Alberta, Canada). A threshold of 1000 ohm was defined in this study as 50% leaf wetness (i.e. half of the leaf surface area was wet). All sensors were calibrated for two weeks in the laboratory before installing in the greenhouses, and were inspected weekly after installation. All above-mentioned measurements were recorded with a data logger system (CR21X, Campbell Scientific, Edmonton, Alberta, Canada). Measurements took place every 10 seconds, and 15 min average values were recorded.
Energy Monitoring
Two energy monitoring systems, one in each greenhouse, were developed to measure the supply-side and demand-side energy use of greenhouse heating plants. Both systems incorporated utility meter interfaces to continuously monitor gas and electrical energy consumption. At the steam heated greenhouse, an ultrasonic flow meter (Prosonic Flow DMU93, Endress + Hauser, Burlington, Ontario, Canada) was installed on the boiler feed water lines to continuously measure the mass flow. The mass flow measurement together with condensed water temperature measurement and the steam pressure measurement at the outlet of the boiler were used as inputs for the steam delta heat flow equation of Compart DXF351 Flow Computer (Endress + Hauser, Burlington, Ontario, Canada), to calculate the heat energy released into the greenhouse. In the hot-water heated greenhouse, an ultrasonic flow meter was installed on the supply header to measure mass flow and a paired resistance temperature detector (RTD) temperature sensors were installed to measure supply and return water temperatures. The mass flow and temperature measurements were used as inputs for the liquid (water) delta heat flow equation of Compart DXF351 Flow Computer (Endress + Hauser, Burlington, Ontario, Canada), to calculate the heat energy released into the greenhouse.
RESULTS AND DISCUSSION
Microclimate
The vertical microclimate inside the crop canopy in the hot-water heated greenhouse was more uniform than in the steam heated greenhouse (Table 1) . In January, when the plants were small, there were little difference in the air temperature and humidity at different heights in the hot-water heated greenhouse. However, the air temperature was about 0.5 ºC higher and humidity was about 3% lower in the low crop canopy than in the upper canopy in the steam heated greenhouse. This reflected the higher pipe temperature in the steam heated greenhouse.
The vertical difference of the microclimate inside the canopy increased with plant growth (Table 1) . In February, humidity was about 4% lower and air temperature was 0.5 °C higher in the low than the middle and upper canopy in the hot-water heated greenhouse although there was little difference in January. In the steam heated greenhouse, the vertical difference in microclimate was also increased to 1-1.3 ºC with plant growth. This vertical difference occurred only when the greenhouse was heated (such as in winter night) (Fig.  2) . There was little vertical difference when heating was not required such as during noon time on a sunny day (Feb. 5, 2002, Fig. 2 ). This information indicated that the crop canopy might have reduced heat transfer from the heating pipes to the upper part of the greenhouse. About half of heat energy released from a heating pipe is through thermal radiation (Stanghellini, 1983; Teitel et al., 1996) . The crop canopy might have blocked some of the thermal radiation from the hot-water pipes. There was little difference in air temperature and humidity in the upper part of the greenhouses between the steam and hotwater heated greenhouses (Table 1 and Fig. 2) . The humidity was lower and duration of leaf wetness was shorter in the steam than in the hot-water heated greenhouse in Jan. and Feb., especially when both greenhouses were intensively heated (Table 1 and Fig. 2) .
Energy Consumption
About 4.9 kWh m -2 (17.6 MJ m -2 ) and 3.6 kWh m -2 (13 MJ m -2 ) of electricity was used per year in the hot-water and steam heated greenhouse, respectively, which only accounted for 1% of the total energy consumption in the greenhouses. In the hot-water heated greenhouse, 1.84 GJ m -2 heat (60.3 m 3 natural gas, about 80% boiler efficiency) was released into the greenhouse. This energy requirement is comparable to the energy consumption in northern Europe (Chalabi et al., 2002) .
Less electricity was used in the steam heated greenhouse as expected, because there was no need for pumps to distribute the heat. Heating energy released into the greenhouse was about 6% higher in the steam than the hot-water heated greenhouses (Fig.  3) . The solar radiation in the steam heated greenhouse (south-north orientation) was less than the hot-water heated greenhouse (east-west orientation) in Jan. and Feb. (Table 1) , which is in agreement with Elsner et al. (2000) that the light transmission of south-north orientated greenhouses is less than east-west orientated greenhouses in winter. This difference in light transmittance might have led to higher energy consumption in the steam heated greenhouse. However, it could not explain the high energy consumption by the steam heated greenhouse in March since both of them had similar solar radiation (Table 1) . Most of the additional energy consumption by the steam heated greenhouse might be due to the higher air temperature in the greenhouse. For a 1 °C increase in air temperature in the range of this experiment, about 7-8% energy is required (Papadopoulos & Hao, 2001) . Therefore, the heat demand for the steam heated greenhouse might not be higher than the hot-water heated greenhouse; the additional energy consumption was due to greenhouse orientation or higher air temperature. However, because of low efficiency with the steam boiler (70%, compared with about 80% with the hot-water boiler in our study), more natural gas was used in the steam heated commercial greenhouse.
The higher air temperature inside the crop canopy below 1.5 meters might not be disadvantage because plant growth and early fruit production are usually improved with higher temperature (Papadopoulos & Hao, 2001) . Greenhouse tomatoes in southwestern Ontario are usually planted into the greenhouse in late Dec. or early Jan. The plants were generally shorter than 2 m in Jan. and Feb. The short duration of leaf wetness in the steam heated greenhouse may be beneficial to the disease management because the spores of most fungi require water on the plant surface to germinate. The energy and microclimate data collected from this study will be used to validate energy and microclimate models.
CONCLUSION
There was a larger vertical variation in air temperature and relative humidity in the steam than the hot-water heated greenhouse. The air temperature below 1.5 meters in the steam heated greenhouse was higher than in the hot-water heated greenhouse, while the air temperature above the crop canopy was similar. In winter when the greenhouses were intensively heated, leaf wetness duration was shorter and relative humidity was lower in the steam heated greenhouse. Plant growth increased vertical difference in greenhouse microclimate.
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